We compare the tectonic rate with earthquake data using several theoretical distributions to approximate the seismic moment-frequency relation. We derive formulae to estimate parameters of the seismic moment distributions by comparing the earthquake occurrence rate with tectonic strain. We analyse the tectonic moment rate and the earthquake moment distribution for several types of tectonic environments, including subduction zones, plate bounding transform faults and deforming continental regions. In this analysis we use finer subdivisions of tectonic regions to infer whether earthquake size distribution properties established previously for large provinces (Flinn-Engdahl seismic regions) could be applied to smaller zones extending over a few hundred kilometres. Although the shortness of the available earthquake catalogues makes our results less reliable, several conclusions can be drawn from the analysis. The universality of the β-parameter (the slope of the moment-frequency relation) is reasonably well confirmed for all of these tectonic regions and their subdivisions. In each region, we estimate the strain rate or relative plate motion from a plate tectonic model, active fault data or geodetic data. According to the moment-frequency relation, the ratio of the tectonic moment rate to the earthquake rate depends on the β value, the corner magnitude (m c ) and the effective seismogenic thickness. We find that this ratio does not vary systematically with the relative plate velocity, the ratio of parallel to perpendicular plate motion, time since the last major earthquake and the length of fault zone segments established by previous earthquake history. We obtain similar results for the western United States and southeast Asia; the corner magnitude is approximately equal to that for the circum-Pacific Rim and there is no systematic dependence of the m c parameter on a geographic region or strain rate. Assuming the commonly accepted values for seismogenic thickness, elastic modulus and 100 per cent seismic coupling, the corner magnitude values for plate boundary zones and continental areas are 8.3-8.8, i.e. similar to those values obtained by statistical analysis.
The seismic strain rate can be estimated either by summing up moments (scalar or tensor) of known earthquakes (Ṁ s ), or by integrating theoretical moment-frequency relations (Ṁ s ). The former method yields highly variable and unstable estimates because of the power-law character of the earthquake size distribution and insufficient instrumental and historical earthquake records for relatively small seismic regions (McCaffrey 1997a; Pisarenko 1998; Holt et al. 2000) . Applying the latter method provides estimates of the seismic moment rate that are a function of the two parameters of the earthquake size distribution and the earthquake occurrence rate. The distribution of earthquake numbers is well approximated by the negative-binomial (Kagan 1997) or even the Poisson distributions (for a high-magnitude threshold when the number of aftershocks is relatively small). These distributions have a much smaller variation than the power law; thus the scatter of theṀ s is much smaller than that forṀ s .
In MOMS and in previous studies (Kagan 1997 (Kagan , 1999 Bird et al. 2000a Bird et al. ,b, 2002 , we discussed evidence for the universality of the moment-frequency relation and the reasonably good fit of observational relations by theoretical distributions. We also indicated that the β parameter of the distribution may have a universal value, 0.60-0.65. Thus, comparing the seismic moment rate with tectonic estimates of deformation, we should be able to evaluate the value of the other parameter of the distribution-the moment upper bound. Kagan (1997 Kagan ( , 1999 as well as Sornette & Sornette (1999) evaluated the moment-frequency parameters and, in particular, the corner moment, for large seismogenic areas (for 50 global Flinn-Engdahl seismic regions). Here we apply the moment conservation principle both to estimate the upper moment bound for relatively small seismic zones, and to study how M c depends on the properties of the tectonic deformation field as well as various possible seismic regionalizations of tectonic plate boundaries.
We use the notation M for the scalar seismic moment and m for the moment magnitude: m = 2 3 log 10 M − 6.0,
where M is measured in newton m (N m). The magnitude calculated using eq. (1) is used here only for the purposes of illustration and discussion; all pertinent computations are carried out with the moment M values. Below, we review the mathematical methods used to calculate the upper bound for the seismic moment distribution. We then apply these techniques to circum-Pacific seismic regions and two regions of continental distributed deformation (southeast Asia and western United States) to infer values for the moment-frequency distribution parameters. Do these parameters depend on tectonic features as well as on the seismic history of the regions?
S E I S M I C M O M E N T R A T E A N D M O M E N T C O N S E R V A T I O N P R I N C I P L E
In this paper, we use the four theoretical moment-frequency models (a) 
where F(M) is a cumulative function, M xc is a corner moment, M t is a moment threshold of a catalogue and β is an exponent of the power-law decay. Similarly, for (b)
For the tapered G-R and gamma distributions the expressions are
and
where the normalization coefficient C is defined using eq. (17) in MOMS (for M cg M t the coefficient C ≈ 1 see also eq. 11 below). The relations (a)-(d) are extensions of the classical G-R law, modified to take into account the seismic moment upper bound. The first two of these distributions are used extensively in practical applications: a 'hard' cut-off for the maximum moment (magnitude) is used in these expressions, in case (a) for the cumulative distribution function (CDF), and in case (b) for the probability density function (PDF). The latter two distributions apply a 'soft' exponential taper to the distribution tail, again in case (c) to the CDF, and in case (d) to the PDF. Thus, there is a certain similarity in relations between the first (a), (b) and second pair of cases (c), (d) . This occurs because in cases (a) and (c) we apply upper limits to CDFs (truncation in the former and exponential taper in the latter). In cases (b) and (d) the same functional limits are used for PDFs, respectively.
In MOMS we determined the seismic moment distribution upper bound (maximum or corner moment) using standard statistical methods, mostly maximum-likelihood procedures. Another method for corner moment calculation is based on the moment conservation principle, i.e. on the assumption that a certain part of the tectonic deformation is released by cumulative effects of earthquakes. We calculate seismic moment release by integrating the statistical distribution of the seismic moment and comparing the value obtained with the tectonic deformation. On that basis we derive the estimate of seismicity parameters; in particular, the value of the corner (maximum) moment. We show that for relatively small data sets this method yields a more stable and robust estimate of the corner moment than those obtained using the purely statistical techniques (MOMS).
Determination of the seismic moment upper bound
Using the statistical moment expressions, I k , for models (a)-(d), which are defined using eqs (7), (10), (13) and (20) in MOMS, we calculate the seismic moment release rateṀ s (moment flux). For our purposes we only need the first-order moment, I 1 , from these formulae. We take the seismic activity level (the occurrence rate) α 0 for earthquakes with a moment of M 0 and greater. In most cases M 0 can be chosen to correspond to the observational threshold moment M t . Since the threshold moment M t is not an intrinsic parameter of seismicity, we obtain the expression for the moment rate by taking a limit,
whereṄ (M t ) is the yearly occurrence rate of events with a moment greater than M t , and ξ i is a correction coefficient necessary for the cases 
where is a gamma function (Bateman & Erdelyi 1953) and the moment rate is listed for cases (a)-(d), respectively. If needed, the coefficients ξ i can be calculated as
where (1 − β, M 0 /M cg ) is an incomplete gamma function (Bateman & Erdelyi 1953) :
If M x or M c M 0 , then ξ → 1 in all of the above expressions. Suppose that the four theoretical laws, eq. (7), describe a distribution with the same moment rateṀ s release and the seismic rate of occurrence α 0 . Using eq. (7), relations between the maximum or corner moments can be specified,
Again, the similarity of relations between pairs of distributions (a-b versus c-d) is obvious (see above).
In the formula below we compare the tectonic moment rate (Ṁ T ) with the seismic moment rate:
whereṀ s (α 0 ) is the seismic moment rate eq. (6), corrected, if needed (the factor ξ in eq. 7); χ is the seismic coupling (or seismic efficiency) coefficient, µ is elastic shear modulus, W is the seismogenic width of the lithosphere,˙ is the strain rate, A is the area under consideration and α 0 is the yearly number of events above the threshold level in area A. At present, some variables in the equation cannot be evaluated with great accuracy; to overcome this difficulty we calculate a product of these variables-the 'effective width' of the seismogenic zone W e (Frohlich & Apperson 1992) :
where µ is measured in Pa. For the reasons explained in MOMS (end of Section 5.1), in the remainder of the paper we mostly use the tapered Gutenberg-Richter (TGR) expression to approximate the moment-frequency relation. Briefly, the advantage of the TGR distribution is that the estimates of its parameters have better statistical properties, and the distribution is easier to work with computationally.
For M cm M 0 the corner moment can be calculated, using a simplified formula (see eq. 7)
whereṀ T is the tectonic rate of seismic moment release from plate motion models; the moment and the moment rate are measured in N m and N m yr −1 , respectively. From eqs (13), (15) and (7), it is obvious that the ratio of the tectonic moment rate to the earthquake rate
should be constant as long as the β, M c , W, µ and χ parameters have universal values. Table A2 in the Appendix). It is obvious that M cm does not vary significantly when β changes from 0.6 to 0.7, but if β approaches 1.0, the corner moment value tends to ∞. In such a case, if the power-law character of the seismic moment distribution is preserved, small earthquakes release the bulk of the tectonic strain. Thus, for β > 1.0 the upper bound can extend to infinity, i.e. the law of moment flux conservation no longer requires a finite upper bound for the seismic moment. For the seismic coupling χ = 1 and β = 2/3, eq. (15) can be simplified to
Doubling the tectonic moment rate (Ṁ T ) increases M cm by a factor of 8, i.e. the corner magnitude increases by about 0.6. Similarly, doubling the seismicity rate (α 0 ) decreases both M cm and the corner magnitude by the same amount. For χ = 1 and β = 0.6 (Kagan 1999 )
The moment-frequency plots such as those in Fig. 1 in MOMS suggest that the approximation by distributions with a hard right-hand cut-off, i.e. (a) and (b), would yield moment rates that are significantly higher than those suggested by the distributions with a soft cut-off (c, d).
The M x estimates for (a, b) cannot be smaller than the maximum observed earthquake (M = 3.59 × 10 21 N m) in the 1977-2001 Harvard CMT (centroid moment tensor) catalogue (Dziewonski et al. 2001) . For the exponential tail taper, the observed earthquake moment may occasionally exceed the M c value (MOMS). The value of the seismic productivity, α 0 is given by empirical observation. Thus, for the characteristic distribution, in particular, one is compelled to accept the M x value in eq. (7) as being at least equal to the largest observed earthquake (M = 3.59× 10 21 N m in our case). This would yield a significantly higher moment rate than all other distributions for the characteristic law.
Distribution of the seismic moment rate
Using formulae in Section 2 of MOMS and Section 2.1 above, we calculate the distribution of the total seismic moment released by an earthquake with the moment M. In this case, the distributions converge for M → 0; thus, we do not need the truncation on the left-hand side of the distributions and can define the distributions on the interval 0 ≤ M < ∞. For all the theoretical relations, the moment release rate distributions can be calculated as
where C 1 is a normalization coefficient, and the PDF φ(x) is defined using eqs (6), (8), (12) and (16) in MOMS for each of the distributions (a)-(d), respectively; see also eqs (2)-(5).
In particular, for the characteristic distribution (a) (eq. 2) the cumulative function is
Figure 2. Probability functions for the distribution of the seismic moment rate. Solid line, truncated G-R cumulative distribution; dash-dotted line, truncated G-R distribution density; dotted line, tapered G-R distribution; dashed line, gamma distribution. All distributions have a β value equal to 2/3. The maximum moment parameter is adjusted so that the total moment is the same for all four (a)-(d) distributions, see eq. where M r is the moment value at the maximum moment rate release, assuming a logarithmic moment scale. Similarly, for the gamma distribution we obtain
Thus, assuming β = 2/3, for the tapered G-R distribution (c), the maximum release is at M cm × 0.91 (corresponding to the moment value 1.28 × 10 21 N m and to the magnitude m = 8.07 in the diagram), and for the gamma distribution, M r = M cg /3 (corresponding to the moment value 1.49 × 10 21 N m and to magnitude 8.13). For these two distributions (c)-(d), about 2/3 of the total moment arises from earthquakes smaller than M r , the rest being released by larger events. The cumulative distributions shown in Fig. 2 (a), demonstrate that M > 10 20 N m (m > 7.33) earthquakes account for about 70 per cent of the total seismic moment rate.
E A R T H Q U A K E D A T A A N D P L A T E T E C T O N I C S

Catalogues and data
We study the earthquake distribution for the global catalogue of moment tensor inversions compiled by the Harvard group (Dziewonski et al. 2001) . The catalogue contains 17 989 solutions over a period from 1977 January 1 to 2001 April 30. We consider the Harvard CMT catalogue complete starting with 1987 January 1 and the magnitude (m t ) threshold 5.4, starting with 1982 January 1 and the threshold 5.6, or starting with 1977 January 1 and the threshold 5.8 (Kagan 1997 (Kagan , 1999 .
For regions of continental distributed deformation where seismicity levels are too low to be adequately represented in the Harvard catalogue, we also analyse the earthquake distributions for the PDE worldwide catalogue (Preliminary Determination of Epicenters 2000). The available catalogue ends on 2001 January 1. The catalogue measures earthquake size, using several magnitude scales, of which m b and M S are provided for most of the moderate and large events. The catalogue contains more than 50 000 shallow earthquakes with m b ≥ 5 from 1965 to 2001.
In this paper, we analyse only shallow earthquakes. In the traditional assignment, shallow earthquakes are assumed to occur in the depth range 0-70 km. However, when we compare the tectonic deformation rate with the earthquake occurrence rate to infer the corner moment values, we need to use earthquakes related to plate tectonic deformation. These earthquakes in subduction zones are largely concentrated in the upper 40 km of the crust. We carried out our analysis for both lower depth limits. The results are essentially the same since relatively few earthquakes occur in the depth range 40-70 km.
Tectonic models
Our plate tectonic model (Bird et al. 2000b (Bird et al. , 2002 ) is based on a set of Euler vectors known as NUVEL-1A. DeMets et al. (1990) performed a global inversion to determine the relative rotation rates of the 12 largest plates (the NUVEL-1 model) to complete a global model, and noted that published information also constrains the relative motions of the Philippine Sea and Juan de Fuca plates. Then, DeMets et al. (1994) adjusted the rates of all the vectors to obtain the NUVEL-1A solution. However, neither reference specifies the locations of the plate boundaries, except implicitly in the list of plate-boundary data points. To specify plate boundaries, we have created a digital plate-boundary model (Bird et al. 2000b (Bird et al. , 2002 PB1999˙boundaries.dig at http://element.ess.ucla.edu/neotec/SHELLS/).
We used the results by Holt et al. (2000) for southeast (SE) Asia (China and the surrounding areas) and by Shen-Tu et al. (1999) for the western United States to study the moment rate distribution in the continental zones of distributed deformation. These authors analysed the space geodetic horizontal deformation velocity, the plate tectonic velocity and the Quarternary geological fault rates to obtain a self-consistent deformation field.
In the western United States we used results as summarized in Table 5 of Shen-Tu et al. (1999) . We consolidate several of their zones into more extended regions to compare the tectonic deformation data with the occurrence of earthquakes. In particular, zones A, D, E, F are assigned to our 'northwest' region, zones B, C, G, H to the 'southwest' region and zones I, J, K to the 'east' region (see our Table 4 ). We have taken a sum of 'geological model' values (column 7 in their Table 5) as the tectonic deformation rate and the 'geological model' strain rate from column 13 in their Table 5 .
For southeast Asia we used the results shown in Tables 4(a)-(c) of Holt et al. (2000) . The zones in their Table 4 (a) are assigned to our 'southwest' region (see our To analyse plate boundaries, we use publications by both McCann et al. (1979) and (Nishenko 1989 (Nishenko , 1991 who specified more than 100 zone boundaries along the circum-Pacific seismic belt. We will refer to McCann et al. (1979) as MNSK. Both MNSK and Nishenko issued a long-term earthquake forecast for these zones. The difference between these two forecasts is that MNSK specified ranked categories of earthquake potential based on the time that had elapsed since the last large earthquake, while Nishenko went further and estimated an occurrence probability for a specified characteristic earthquake based on the elapsed time and the estimated mean recurrence time. In the Appendix, Tables A1 and A2 list the MNSK and Nishenko zones, respectively, and summarize the statistical analysis of these zones.
The forecasts by MNSK and Nishenko (1989, 1991) are based on the seismic gap hypothesis, which suggests that the earthquake probability increases with the increase in time interval since a major event on a particular fault or fault segment. Kagan & Jackson (1991 , 1995 analysed these earthquake forecasts and found that the seismicity record 10 and 5 years, respectively, after the publication of these papers could be better explained by the null hypothesis (the Poisson process in time and the Gutenberg-Richter relation) than by the seismic gap model. Rong et al. (1999) repeated the test of the seismic gap model 20 and 10 years, respectively, after the forecasts and again found that the performance of the model is still inferior to the null hypothesis. Actually, the test results for the gap model had deteriorated compared with the previous tests (see above).
In this paper we refrain from testing the seismic gap model. We use the regionalization by MNSK and Nishenko (1989, 1991) to infer the seismicity properties of the circum-Pacific seismic belt. These two regionalizations have an advantage compared with the Flinn-Engdahl zoning, studied previously by Kagan (1997 Kagan ( , 1999 . The latter seismic provinces usually spread over thousands of kilometres; thus the seismicity properties are averaged over large regions. The MNSK and Nishenko zones extend over a few hundred kilometres, making it possible to carry out a more detailed analysis of the seismicity patterns.
Similar to the Flinn-Engdahl regionalization, the MNSK and Nishenko zones have been constructed independently of the Harvard catalogue data. The MNSK study was, in effect, completed before the collection of the Harvard data even started. In analysing the results of n, the number of shallow (depth limit 0-40 km) events in the Harvard catalogue; • , 95 per cent significant difference from averageβ = 0.662 for m t = 5.8, β = 0.661 for m t = 5.6, andβ = 0.658 for m t = 5.4. Nishenko (1989 Nishenko ( , 1991 , we use the subcatalogue, which begins after 1989 January 1. Therefore, we should not expect any statistical biases, which may accompany the analysis of seismicity in regions selected on the basis of seismic data. MNSK summarized six categories of seismic potential for the major plate boundaries in and around the Pacific regions. These categories range from high to low potential for large earthquakes. MNSK use different colours to denote these six categories: red (we will refer to the first red zone as 1R in the following paragraphs and in Table A1 in the Appendix) denotes the highest seismic potential regions; orange (O in the following sections) denotes the second highest potential regions; green (G) denotes the lowest potential regions; yellow (Y) denotes the regions having an incomplete historic record but a potential for large earthquakes; hatch (H) denotes regions for which plate motion is subparallel to the arc; purple (P) denotes the regions, which have no historic record of great earthquakes and may lack the potential. The zones numbers are the same as in Kagan & Jackson (1991) , their Fig. 1 . Kagan & Jackson (1991) assigned earthquakes to zones by plotting them on the original colour map of MNSK. In the present work, we have digitized the MNSK colour map and used a computer program to assign earthquakes to the zones. Similarly, we used a digitized map of the Nishenko zones to find earthquake distributions (Kagan & Jackson 1995) . The tectonic model, described in the previous section and the digital maps of the MNSK and Nishenko zones allow us to calculate the velocity of the tectonic convergence rate both along a plate boundary and perpendicular to a it.
We group MNSK zones by categories: we follow the red, orange, green, yellow, hatch and purple classification. According to MNSK, for the first three categories this classification reflects the time interval elapsed since a large earthquake in a zone. We also carried out calculations of the earthquake numbers (n) versus the tectonic moment rate (Ṁ T ) for the MNSK classification based on the velocities of relative plate motion and on the ratio of velocities perpendicular/parallel (⊥/ ) to the plate boundary (see Table 2 ). Finally, we combined MNSK zones into six geographic provinces (South America, Caribean + Central America, North Pacific, NW Pacific, SW Pacific, Tonga-Kermadec).
For Nishenko's (1989 Nishenko's ( , 1991 regions, in most calculations we used only zones for which the probability of characteristic earthquake occurrence was specified (i.e. 99 out of 127 zones). We categorize zones either by their characteristic magnitude or 10 yr probability. In both of these classifications we subdivided the catalogue into six approximately equal categories (see Table 3 ).
As stated above, the first three MNSK and both Nishenko zone classifications are made independently of the seismic data used in our analysis. Because of the retrospective character for the last (geographic) classification only, the independence of that selection cannot be fully ascertained. also Table A1 ). As in most of our tables and figures below, the β (and the corner n, the number of shallow (depth limit 0-40 km; M ≥ 10 17.7 N m, m ≥ 5.8) events in the Harvard catalogue (1977 January 1-2001 April 30). For region categories the total sum of event numbers excludes zones in which tectonic deformation rate cannot be determined, thus the numbers are slightly different from that in Table 1 (upper part) .Ṁ s , seismic moment rate (sum of earthquake moments/catalogue time-span);Ṁ T , tectonic moment rate. R 6 , average tectonic moment for an earthquake M ≥ 10 18 N m (m ≥ 6.0). Seismic moment M and moment rateṀ are measured in N m and N m yr −1 , respectively. Relative velocity of plate motion is measured in mm yr −1 . Ratio means the ratio of velocities perpendicular/parallel (⊥ / ) to a plate boundary. The corner moment (magnitude) is calculated assuming the tapered Gutenberg-Richter distribution, β = 2/3, the thickness of seismogenic zone 30 km, the elastic shear modulus µ = 30 GPa, and the seismic coupling coefficient χ = 1.0. Random errors in the corner moment (magnitude) are calculated using the negative-binomial distribution; • , 95 per cent significant difference from averagē β = 0.662. moment) are evaluated only for the zones having at least five events. We use eqs (24) and (25) in MOMS to estimate β and its standard deviation in a magnitude interval (m t − 7.8), i.e. we exclude the largest earthquakes in the determination of β. The earthquakes m ≥ 7.8 are close to the corner magnitude value. They correspond to the exponentially decaying tail of the moment-frequency relation (see further details in MOMS). The circum-Pacific average (β = 0.662, solid horizontal line) is within the confidence interval for almost all 125 individual zones, implying that the regional variations are not statistically significant at the 95 per cent confidence level. The 95 per cent confidence level actually means that in one case out of 20, the confidence interval can be outside the real range of the variable because of random fluctuations.
The β values
For MNSK shallow earthquakes in 1977-2001, the confidence bounds are outside the average value for 12 zones (+5/−7) : five are aboveβ and seven are belowβ. For 1982-2001 earthquakes with a magnitude threshold of 5.6, 11 confidence intervals are outside ofβ, five are above and six are below. For Nishenko zones (see Table A2 ) five (+2/−3) out of 127 are outliers. However, if we use the depth limits 0-70 km, the corresponding numbers are in general smaller: (+2/−4), (+4/−6) and (+1/−2), respectively, for the cases above. These outlier numbers can be explained by random fluctuations.
Some of the β values in Fig. 3 and Tables A1 and A2 are greater than 1.0. As explained in MOMS and in the discussion of Fig. 1 , β > 1.0 implies that most of the tectonic deformation is released by small earthquakes, i.e. the total moment flux PDF as in Fig. 2(b) would peak at zero. Clearly, this would imply a completely different physical mechanism of earthquake generation (cf. Amelung & King 1997) . Thus, such values need to be approached with skepticism: they are possibly a result of either random fluctuations, some unknown systematic effects, or of a mix of different earthquake populations (see more on the last topic in MOMS and below in this section).
Similar to MOMS, we explore how the β value depends on the earthquake focal mechanisms. In Table 1 we list the β values in the geographic provinces of the circum-Pacific belt for three magnitude thresholds and three prevalent focal mechanisms. In contrast to Table 5 of MOMS, there are no strong variations in the relative distribution of earthquake numbers with various focal mechanisms: n, the number of shallow (depth limit 0-40 km; M ≥ 10 17.4 N m, m ≥ 5.6) events; m ch , characteristic magnitude; Pr, 10 yr probability of the characteristic earthquake to occur in a zone. R 6 -average tectonic moment for an earthquake M ≥ 10 18 N m (m ≥ 6.0). Seismic moment M and tectonic moment rateṀ T are measured in N m and N m yr −1 , respectively. The corner moment (magnitude) is calculated assuming the tapered Gutenberg-Richter distribution, β = 2/3, the thickness of seismogenic zone 30 km, the elastic shear modulus µ = 30 GPa, and the seismic coupling coefficient χ = 1.0. Errors in the corner moment (magnitude) are calculated using the negative-binomial distribution.
most (60-80 per cent) earthquakes in all provinces are of a thrust type. In general, the proportions of the focal mechanisms in Table 1 are similar to those we obtained in Table 6 of MOMS for subduction zones. This is understandable, since most plate boundaries in Table 1 are of subduction type. Fluctuations of strike-slip and normal earthquake numbers in different provinces are larger; this variability needs to be explored further by more detailed studies (cf. Frohlich 2001) . Similar to Tables 5 and 6 in MOMS, the β values are ordered
at least for m t = 5.4 and 5.6. However, except for one case (normal events for m t = 5.4) the β value differences are not statistically significant. Moreover, for m t = 5.8 the β value order is almost reversed from eq. (30); similarly, in various tectonic provinces we observe a diversity of β dependence on the focal mechanism of earthquakes. This suggests that the β value variations connected with the focal mechanism in MNSK plate boundary zones are most likely caused by random fluctuations. There is no significant variation in the pattern of β when the observational threshold is changed, implying that the scale invariance of the earthquake size distribution holds for intermediate-size earthquakes.
Several β values shown in the table differ significantly from the average value ofβ. These β values are not statistically independent, since subcatalogues of earthquakes with different focal mechanisms and different observational thresholds include the same subsets of events. However, the parameters of the moment-frequency relation differ consistently and significantly in some geographical regions, especially in Tonga-Kermadec. The β parameter is different from the corresponding global values by more than 2.0σ (the β values are too high). Kagan (1999) found that this region has β values too high for deep earthquakes (500-700 km). Some other subdivisions of the catalogue show a difference close to 2σ and it appears/disappears with a slight modification of depth, magnitude and time-span limits.
Earthquakes in the Tonga-Kermadec province need to be investigated more closely to see whether they contain subsets with varying corner moments. For instance, the mid-ocean earthquakes exhibit β values that differ significantly from the rest of the global seismicity (Okal & Romanowicz 1994; Kagan 1997 Kagan , 1999 . However, when these oceanic earthquakes are analysed more closely (Bird et al. 2000a , 2002 , it becomes clear that the difference in the β values is most probably a result of the strong heterogeneity of the corner moment distribution in these earthquakes and hence due to various earthquake populations mixed in the analysis (cf. Vere-Jones et al. 2001, p. 531) . To see this, we assume that the earthquakes have the same β value, but a different M c in this region. If we mix these two data sets in a statistical analysis, the resulting population would have two 'bumps' corresponding to each corner moment. Such a moment-frequency relation can be easily interpreted as corresponding to a population with larger β, especially if the available magnitude range is insufficient and M c changes continually over a range of values. The possibility of systematic errors, influencing the β estimate in the Tonga-Kermadec province, needs to be explored as well.
The β values are similar in Table 2 for the MNSK categories (R, O, G, Y, H, P). Only the orange and purple zones show a significant difference. For the latter class the large average β is caused by two zones-the Mariana arc (7P) and that of the Tonga trench zones (12P), see Table A1 . We discussed the geographical classification of the circum-Pacific zones and the results above in Table 1 . For other classifications of the zones, based on the velocity of the relative tectonic motion or on the ratio (⊥/ ) of the perpendicular/parallel slip at a boundary, the β values show no significant difference.
For Nishenko categories (Table 3) the β values are not significantly different for both subdivisions. The differences in theβ values in Tables 3 and A2 are caused by different selection criteria: in Table 3 , only zones with identified characteristic earthquakes and 10-yr probability are included.
Contrary to the MNSK results (see above), the geographical provinces in Table A2 do not exhibit a statistically significant variation of the β values; only Central America's β value is slightly outside of the 2σ bounds. The β value for the southwest Pacific is not statistically inconsistent with the average circum-Pacific value. Again, contrary to the MNSK analysis above, the selection of the provinces was performed by Nishenko (1989 Nishenko ( , 1991 before the seismic data were collected: thus, one expects no selection bias in these results.
For intracontinental regions of distributed deformation (Table 4) , the number of events in the Harvard catalogue is small, making the accuracy of β determination low. However, the listed β values are consistent with those for plate boundaries (Tables 1-3 ). The b values for the PDE catalogue have a strong systematic bias (Kagan 1999 ), so we do not show them in the table. Fig. 4 shows the relation between MNSK zones, arranged in the order of increasing velocity of the plate-tectonic relative motion, and several characteristics of the zones. The normalized cumulative length of the zones demonstrates that the length is approximately independent of the plate velocity. The parallel increase of the plate-tectonic moment rate and earthquake numbers testifies that with regard to the velocity of tectonic motion there is no significant difference in the ratio of earthquake occurrence or tectonic strain release between slow and fast deforming plate boundaries. If, for instance, slowly moving boundaries have had lower earthquake productivity per unit of tectonic moment rate, the two curves would diverge toward the middle of the diagram. Fig. 5 displays a correlation between the tectonic deformation rate and the earthquake numbers in the MNSK zones. The solid line shows a linear relation between the variables, i.e. the earthquake number is proportional to the rate; the dashed line is a linear regression approximation of the dependence. The correlation coefficient (ρ = 0.61) is smaller than that for larger Flinn-Engdahl regions (Kagan 1997 (Kagan , 1999 , because the earthquake numbers in each zone are small, making random fluctuations higher. This conjecture is confirmed in Fig. 6 in which we consolidate the MNSK zones into six large classes. As a result the correlation coefficient increases to 0.83. Fig. 7 shows how the tectonic moment rate for the MNSK zones correlates with the corresponding seismic rate, obtained not by integration of the moment-frequency relation, but by directly summing up earthquake seismic moments. In this diagram the solid and dashed lines have the same meaning as in Figs 5 and 6; the dotted line corresponds to the one-to-one relation between the seismic and tectonic rates. The correlation deteriorates compared with Fig. 5 (ρ = 0.52), since the seismic moment sum is dominated by the largest earthquakes. The total number of large events is small in each MNSK zone; hence, the summation introduces a strong random component in estimating the seismic moment rate (McCaffrey 1997a; Pisarenko 1998; Holt et al. 2000; Huillet & Raynaud 2001) . Fig. 8 displays the distribution of the corner magnitude that has been estimated, assuming that all the plate tectonic deformation is released by earthquakes (χ = 1) and β = 2/3 (eq. 17). (We also tested a general eq. 15 for the determination of M cm ; the results are similar.) Following Okal & Romanowicz (1994) and Kagan (1997 Kagan ( , 1999 , we take 30 km as the value of W, the seismic zone width, and the elastic shear modulus µ = 30 GPa. This selection of W is, of course, debatable, but we take the simplest approach, since our aim is mostly to see whether such a choice would yield a significantly varying m cm . A selection of another constant W value would shift the corner magnitude value only (see Section 2).
Corner moment
Correlations of corner moment values
The standard deviation (σ m ) is calculated assuming that an earthquake occurrence in time follows the negative-binomial distribution (cf. Kagan 1997, eq. 12) 
where υ is the parameter of the negative-binomial distribution, υ = 0.45 for m t = 5.8 (Kagan & Jackson 2000) . As in Fig , respectively. The total number of outliers suggests that the corner magnitude distribution for MNSK zones is non-uniform. We also note that most of the low estimates for m cm are concentrated in two geographical provinces-New Hebrides and, especially, Tonga-Kermadec (for the 1982-2001 subcatalogue). Asymmetry of the outliers distribution (significantly more negative outliers than positive ones) also points out the inhomogeneity of earthquake distribution.
Another reason for the great variability in the corner moment estimates in Fig. 8 as well as Tables A1 and A2 is the possibility that the negative-binomial distribution still underestimates the actual scatter of earthquake numbers. This distribution is expected to take into account, possibly incompletely, the short-term earthquake clustering, i.e. foreshock-main-shock-aftershock sequences (Kagan & Jackson 2000) . We do not yet have a model to account for long-term clustering. Thus, to diminish the great variability of earthquake numbers Tables 2-4 combine individual zones into larger subsets. Fig. 9 displays the correlation between the estimated corner magnitude, m cm , and the length of the MNSK zones. The zones have been selected by MNSK using the seismic history of the past 150-200 yr; thus, their length corresponds roughly to the rupture length of the largest earthquakes occurring on a fault segment during the last one or two centuries. A significant correlation would suggest that the size of the large earthquake varies along the circum-Pacific belt and using past large earthquakes makes it possible to predict the size of the future maximum events.
However, the actual correlation is low. When determining the corner moment, m cm , it is impossible to use the zones that had no earthquakes over the last 24 yr. (For Fig. 9 , we determined m cm in the plot for all zones having at least one earthquake; in the remaining calculations we refrained from using the zones with less than five events.) It is more likely that such 'no-event' zones would be shorter; thus, our estimate of the correlation coefficient, ρ, is possibly biased. This conjecture is confirmed by the plots similar to Fig. 9 which use different limiting numbers of the events (N lim ) for m cm determination; the coefficient of correlation is roughly proportional to (N lim ): ρ = 0.24 for N lim = 1, ρ = 0.35 for N lim = 5 and ρ = 0.49 for N lim = 10. Comparing these plots shows that as N lim increases, the data points in the upper left-hand corner of the diagram are missing. These points correspond to relatively short segments of fast moving plate boundaries with relatively few earthquakes. For such zones, the estimate of the corner magnitude is high, but if we impose the condition that N lim should be large, these points are deleted preferentially from consideration. If longer time-span catalogues or catalogues with a lower-magnitude threshold were available, these 'missing' data points would presumably fill the upper left-hand corner of the diagram. Hence, the ρ estimate would probably be smaller. The absence of a strong correlation between the zone length and the corner moment presents additional evidence of the lack of m cm variation, i.e. the universality of the corner moment for plate boundaries. Table 2 , in addition to the β values for zone classes, displays the seismic and tectonic moment rates. We also show the average tectonic moment per earthquake, eq. (16), with a moment magnitude 6.0 and greater (R 6 ):
Universality of corner moment values
where T is the time span of a catalogue in years, and β = 2/3 is assumed to convert the number of earthquakes above the m t value into the number of magnitude 6 events. In the last column of the table, the corner magnitude, calculated using eqs (17) and (1), is shown. The advantage of R 6 is that its calculation does not depend on the β value as M c does. Thus, its behaviour is less bound by prior assumptions concerning the earthquake size distribution. With the corner magnitude we can calculate its standard errors (Kagan 1997 (Kagan , 1999 and compare its values with similar estimates obtained by purely statistical techniques (MOMS). However, if we assume the universal value of the β parameter, when determining the corner moment/magnitude in eq. (15), there is a one-to-one non-linear relation between the two variables, R 6 and m cm , and both exhibit a similar behaviour.
We calculate an empirical estimate of the seismic moment rate (Ṁ s ) by summing up earthquake seismic moments. This procedure differs from eq. (6) where (Ṁ s ) is obtained by integrating the moment-frequency relation. The relation of the empirical seismic moment rate (Ṁ s ) and the tectonic rate (Ṁ T ) shows great variation for different classes. As we explained above, this poor correlation is caused by the influence of the strongest earthquakes onṀ s . The total seismic moment release is about 49 per cent of the tectonic strain estimate in the depth interval 0-40 km. The ratio increases to 68 per cent for the depth interval 0-70 km. The difference between the two estimates of strain release (tectonic versus seismic) is partly caused by the lack of small earthquakes, fewer than m t , in the catalogue. As Fig. 2(a) shows, about 6 per cent of the total seismic moment is released by earthquakes smaller than 10 18 N m. The remaining difference may be a result of the scarcity of very large earthquakes in the catalogue: just one or two such events may carry a significant part of the total tectonic deformation (cf. Pisarenko 1998; Huillet & Raynaud 2001). As we mentioned earlier (also see MOMS), a sum of seismic moments yields reasonable values for seismic moment release only for the catalogues in which several earthquakes are close to or exceed the corner moment. Pisarenko (1998) and Huillet & Raynaud (2001) argue that as a result of the power-law character of the seismic moment distribution, a moment sum would increase less than linearly in time in the early part of a catalogue. Hence empirical estimates ofṀ s are almost always underestimates. Another possible explanation for the discrepancy betweenṀ s andṀ T is the errors in the tectonic model moment rates (Kreemer et al. 2000 (Kreemer et al. , 2002 . Finally, the seismic coupling χ value can be less than 1.0.
The R 6 ratio eq. (32) varies relatively little for all classification schemes except for the geographic one (hatch zones have too few earthquakes to estimate the R 6 variable accurately). In the second subset of Table 2, S. America has a ratio value ∼5 times higher than that for the Tonga-Kermadec province. The corner magnitude values for these entries also exhibit the largest differences. That difference indicates that, with regard to both β and M cm values, S. America and the Tonga-Kermadec regions are exceptional, supporting our conjecture that these provinces may include earthquake populations with different corner moment values. However, as the reviewer (W. E. Holt) indicates, the tectonic rates used for these M cm estimates may be incorrect. The new, updatedṀ T values (Kreemer et al. 2000 (Kreemer et al. , 2002 would decrease the corner moment difference for these regions.
If the corner magnitude were dependent on the time interval since a large earthquake, or on relative plate velocity, or the direction of plate motion, we should have observed a pattern of R 6 and m cm increase/decrease in the table entries, as the variables in question change. There is no obvious strong pattern of such variation. Thus, if these tectonic and seismic variables influence the corner moment, the influence should be of secondary importance.
To test whether any of the velocity and ratio (⊥ / ) variables correlate significantly with the corner moment estimate, we obtained scatterplots for individual MNSK zones. Fig. 10 displays an example of such a plot: m cm is practically uncorrelated with the relative plate velocity, though the scatter of points is high. Since the ratio may fluctuate from zero to infinity, we also correlated the logarithm of the ratio with m cm . The correlation coefficients are less than 0.1 in absolute value: hence, there is practically no dependence of m cm on the parameters of the plate tectonic deformation.
The results for the regionalization of Nishenko (1989 Nishenko ( , 1991 in Table 3 (see also Table A2 ) confirm the conclusions on the corner magnitude derived from the MNSK zones (Table 2 ). Both the values of the R 6 ratio and the corner magnitude are similar for all the zone subdivisions. There is no obvious pattern of dependence of R 6 or m cm either on the characteristic magnitude or the 10 yr probability. In Table A2 , as in Table 2 or Table A1 , S. America has the R 6 ratio and its corner magnitude values are significantly higher than those for the southwest Pacific.
The lack or insignificance of the corner moment dependence on the 'characteristic magnitude' or time elapsed since the last strong earthquake on a fault segment confirms our conclusion (see above): the m cm distribution is universal. It seems that the pattern of past seismicity has little relevance to a certain part of the plate boundary rupturing in a very large earthquake.
A N A L Y S I S O F C O N T I N E N T A L R E G I O N S O F D I S T R I B U T E D D E F O R M A T I O N
We analysed the data of Holt et al. (2000) for SE Asia (China and surrounding areas) and for the western United States (Shen-Tu et al. 1999) . Section 3 explains our regionalization of these provinces. Table 4 displays the results in a format similar to the previous two tables. Since the catalogues have too few earthquakes to see the variations within zones, we consolidate the zones into three geographic regions. As another classification we use strain values for zones to subdivide both regions into three strain categories. The numbers of earthquakes in the Harvard catalogue in these regions is too low for a reliable analysis, so we use the PDE catalogue as well. In the latter catalogue, the earthquakes with body wave magnitude m b ≥ 5 have been used as a substitute for the moment magnitude m ≥ 5. Following Holt et al. (2000) and Shen-Tu et al. (1999) , we assume the thickness of the seismogenic layer to be 15 km and the elastic shear modulus µ = 30 GPa.
From Table 4 , both β and m cm are indistinguishable from the plate boundary values shown in Tables 1-3 . For m cm , similar results are obtained using the PDE catalogue, where the earthquake numbers are much higher. As a result, equality (or near equality) of m cm in various zones can be seen more clearly.
In both regions the corner magnitude, m cm , also seems largely independent of the strain rate. This lack of a strong difference in m cm for geographical and strain regionalization testifies that the upper moment bound should be the same in these zones. This conclusion contradicts the usual belief that large earthquakes may occur only in zones where sufficiently long active faults are found. Moreover, zones of low strain have little seismic activity, and therefore their historic and instrumental catalogues usually lack records of strong earthquakes. Thus, the absence of such records or the lack of extended surface faults should not be taken as evidence of the seismic safety of these zones. Table 5 displays the correlation coefficient ρ between the tectonic deformation rate and the number of earthquakes. We changed the spatial and temporal windows in the catalogue selection to test their influence on the ρ value. For example, 4.4 yr × 5 means that the catalogue has been subdivided into five subcatalogues of 4.4 yr duration, and ρ has been determined in each of the data sets. Because the release of the tectonic strain by earthquakes is almost instantaneous, but separated by long periods of quiescence, averaging over seismic history is necessary to obtain a quantitative measure of the tectonic strain/seismic release process.
The table makes it obvious that the catalogue's longer time spans and larger regions yield larger values of the correlation coefficient. For example, as we mentioned when discussing Figs 5 and 6, the coefficient is of the order of 0.3-0.6 for individual zones (shown as z in the second column of the table). For zone categories (z/c, v/c, etc., in the table) ρ is higher-by 0.8-0.9 on average. Unfortunately, the ρ value also depends on the zone boundary and subdivision strategy of the classification-factors that are not intrinsic to solving the problem. If one (1999) ; 2 yr ×11, catalogue subdivision into 11 × 2 yr spans; z, zones; z/c, zone categories; c/m, characteristic earthquake categories; ggr, geographic categories; pr10, 10 yr probability categories; v/c, plate velocity; vp/l, plate velocity perpendicular/parallel; str, strain.
selects zones in a such a way that all have either the same tectonic deformation rate or the same number of events, the ρ value would be small, because of the limited range for both variables. However, the low ρ values would be caused by the selection pattern, not seismicity properties. The available catalogues have a relatively short time-span; thus we cannot investigate whether temporal and spatial averaging are equivalent. If, for instance, the ρ coefficient were the same, when the earthquake numbers are equal in both averages, the identity of both averaging techniques would be established. However, given long-term earthquake clustering effects, temporal averaging might require a larger total event number in a subset.
D I S C U S S I O N
This paper has analysed the interconnection between seismicity and the tectonic deformation of the Earth's brittle crust. Applying the seismic moment conservation idea allows us to investigate the parameters of the moment-frequency relation. However, to use this moment conservation principle fully, the universality of the moment-frequency relation needs to be studied first. If, for example, the β parameter of the distribution varies over a significant interval, evaluating the moment upper bound using the conservation principle would become difficult, even impossible.
In MOMS we presented evidence for the β parameter universality. The lack of variation in the β value is additionally confirmed by analysing the ratio of the tectonic moment rate to the number of earthquakes (R 6 ) in Tables 2-4 . The values of R 6 do not usually differ more than a factor of 2 even for regions with significant apparent variations of the β values, as in the Tonga-Kermadec province (Tables 1 and 2) , or Mariana arc (7P) in Table A1 . Although the Bonin-Mariana and Tonga regions in Table A2 have large β, they also exhibit R 6 values that are within the normal fluctuation range of this variable.
If β > 1.0 in these or other zones, small earthquakes would release most of the tectonic deformation. It would be difficult to explain the fact that the ratio R 6 is approximately the same for such zones as the averageR 6 . As Section 2 and Fig. 1 show, the corner moment and by implication the R 6 ratio would depend on the β value. Thus, unless the variables involved in calculating the tectonic moment rate, eq. (13), i.e. the seismogenic width, elastic modulus and seismic coupling coefficient, are inversely correlated with the β value, the lack of a significant variation in R 6 implies a relatively small variation in the β value.
The values of the corner moment obtained by comparing earthquake numbers with the tectonic deformation rate are similar to those found through a statistical analysis of earthquake catalogues (see MOMS). The m cm value computed using moment conservation depends on a few parameters in eq. (15). Some of the parameters could be estimated only with great uncertainty. For example, seismogenic thickness estimates are highly variable, perhaps owing to the fractal character of the earthquake hypocentral distribution (Kagan 1999 ). As we explained earlier (below eq. 17), if we reduce the thickness value or the coupling coefficient by a factor of 2.0, the m cm estimate would decrease by 0.6. However, in our calculations we used the most often quoted values and still obtained a rather good agreement with the statistical results. Even if the absolute values of the corner moment shown in Tables 2-4 are questioned, the lack of variation in the different plate boundary and continental zones is more certain.
This lack in significant corner moment variation has implications for the important problem of the coupling coefficient, χ value. Many investigations (for instance, Scholz & Campos 1995; Campos et al. 1996; McCaffrey 1997b; Mazzotti et al. 2000 , and references therein), suggest that the χ value varies strongly, although the first two groups indicate that just one large earthquake may change their χ estimate by an order of magnitude. The reason for such an estimate of instability is that the standard technique for χ evaluation involves summing up earthquake seismic moments-a procedure, as we mentioned above, bound to yield highly fluctuating values. As we demonstrated (see also Kreemer et al. 2002 ) , the use of earthquake numbers and the moment-frequency relation provides a more robust estimate of the seismic moment rate. Thus, the stability of the corner moment estimates testifies to a relatively small variation in the seismic efficiency coefficient. Given the uncertainty in the few variables involved in the χ definition (see more in the discussion near eqs 13 and 14), the absolute value for the coupling coefficient cannot be determined accurately, but our results suggest that χ ≥ 0.5 is a fair estimate. Fig. 9 and Table 4 testify against the assumption that the potential for large earthquakes can be recognized by analysing the fault pattern, or by postulating that such events are impossible in regions of small tectonic strain. This finding is especially important for areas of low seismicity, where the record of seismic activity is sparse and the maximum recorded earthquakes are in the small or intermediate range.
The results reported above suggest that there is no significant difference in terms of the upper moment bound between these regions and the plate boundary zones. As Kagan (1997 Kagan ( , 1999 argued, the possibility that even stable intracontinental regions with low seismicity and low tectonic strain may experience (albeit very rarely) very large earthquakes should be considered in estimating seismic hazard (cf. Bilham et al. 2001) .
We return to the problem considered in MOMS: how to explain the discrepancy in values of the corner moment between the analysis of modern (1977-2001) and 1900-1976 data. The results, presented in this paper, confirm our conclusion that the corner moment does not change significantly in the plate boundaries and regions of continental distributed deformation. This makes it less likely that a major variation of the corner moment in the continental areas and their boundaries would explain the discrepancy.
Finally, we comment on one drawback in our analysis-the use of zones and their combinations in drawing conclusions concerning the connections between seismicity and tectonic deformation. As we see from the previous presentation, the boundaries of the zones along the major plate boundaries apparently do not separate the areas with significantly different earthquake populations. If this is true, the use of zones introduces a random component into the analysis. Moreover, we are interested in continuously characterizing how earthquake occurrence features depend on tectonic strain. Arbitrary zone boundaries make such an analysis difficult. Therefore, it is necessary to correlate distributed deformation of an elastic continuum with 2-D or 3-D point process of earthquake occurrence. Only methods of stochastic processes and stochastic fields seem appropriate to such an analysis. However, developing such techniques presents a difficult task.
C O N C L U S I O N S
Several theoretical distributions of earthquake size are used to calculate the corner seismic moment by comparing an earthquake occurrence with a tectonic deformation rate. Although the brevity of the available earthquake catalogues and insufficient knowledge of tectonic deformation patterns make our results tentative, a few conclusions can be obtained.
(1) Analysing the β values for shallow earthquakes (in depth intervals 0-40 and 0-70 km) in plate boundary zones and regions of continental distributed deformation again suggests that this parameter has a universal value of 0.6-0.65. When the earthquake occurrence rate and tectonic deformation rates are compared, the stability of their ratio also suggests that the β value is universal.
(2) To evaluate the corner moment in the plate boundary regions, we correlate the number of earthquakes (n) with plate tectonic deformation (Ṁ T ). We obtain a relatively low correlation coefficient ρ (of the order of 0.4-0.6), if small zones are used. The correlation, however, increases significantly as soon as the zones are classified into categories (ρ is of the order of 0.85-0.95). The low correlation between the earthquake numbers and the tectonic rate in individual zones is probably a result of both short-and long-term earthquake clustering. As soon as we combine the zones into larger territorial units (classes or categories), the correlation increases.
(3) The correlation we find between n andṀ T occurs for all plate boundary classifications that we have tried. This implies that the corner seismic moment is a more-or-less universal constant and the corner magnitude has no or little dependence on the categories MNSK and Nishenko proposed. Nor does it depend on the velocity of the relative plate motion and the ratio (⊥ / ) of the perpendicular/parallel velocities. The values of the corner magnitude, using the tapered G-R relation are 8.3-8.8 (depth interval 0-40 km) and 8.2-8.6 (depth interval 0-70 km) for most categories. If we use the gamma distribution (Kagan 1997 (Kagan , 1999 , the corresponding corner magnitude is m cg = 8.5-9.0 (depth interval 0-70 km) for most categories. As discussed above, these corner magnitude values depend on several assumptions regarding tectonic model, fault-width, seismic coupling and shear modulus. Thus, these conclusions may change if these assumptions are not satisfied.
(4) We compared seismicity with tectonic moment rate evaluated from active faults and recent GPS measurements for two continental collision regions: the western United States (Shen-Tu et al. 1999) and southeast Asia, including China . For both regions, the β value and the corner magnitude are similar to those for the plate boundary regions (circum-Pacific Rim). These parameters do not observably depend on the geographic region or the strain rate. The lack of spatial variation in the corner moment for smaller subdivisions of the extended plate boundaries suggests that the corner moment has the same value throughout.
(5) The results confirm the universality of the β value and the corner moment for shallow earthquakes in the plate boundary zones and the zones of continental distributed deformation. The universality was established previously for large temporal-spatial regions (Kagan 1997 (Kagan , 1999 . These findings suggest that smaller plate boundary zones are also characterized by uniform values of seismic momentfrequency parameters. Thus, the universality of earthquake size distribution may be a general feature of seismicity. Combined with the universality of the β value, the correlation between the tectonic rate and the earthquake numbers implies little if any variation occurs in the corner earthquake seismic moment among various circum-Pacific subduction zones and continental areas. This lack of variation suggests, in turn, that using the tectonic deformation rate, we can calculate the long-term seismic activity level, at least in subduction and continental zones.
A C K N O W L E D G M E N T S
I appreciate partial support from the National Science Foundation through grant EAR 00-01128 and from the Southern California Earthquake Center (SCEC). SCEC is funded by NSF Cooperative Agreement EAR-8920136 and USGS Cooperative Agreements 14-08-0001-A0899 and 1434-HQ-97AG01718. This work has benefited greatly from stimulating discussions with D. D. Jackson, P. Bird, H. Houston, Y.-F. Rong, D. Sornette (UCLA), W. E. Holt (NY State University) and J. G. Anderson (University of Nevada). I especially acknowledge Peter Bird sharing the circum-Pacific plate-boundary tectonic model for use in this paper, and assistance from Yu-fang Rong in digitizing zone maps and calculation of tectonic rate estimates. Reviews by W. E. Holt and an anonymous referee have been very helpful in revising the manuscript. The SCEC contribution number is 632.
McCann, W.R., Nishenko, S.P., Sykes, L.R. & Krause, J., 1979. Seismic gaps and plate tectonics: seismic potential for major boundaries, Pure appl. Geophys.,117, 1082 -1147 . Nishenko, S.P., 1989 . Circum-Pacific Earthquake Potential: 1989 -1999 , USGS, Open-file report 89-86, p. 126. Nishenko, S.P., 1991 . Circum-Pacific seismic potential-1989 -1999 , Pure appl. Geophys.,135, 169-259. Okal, E.A. & Romanowicz, B.A., 1994 For region categories the total sum of event numbers excludes zones in which tectonic deformation rate cannot be determined.Ṁ s , seismic moment rate (sum of earthquake moments/catalogue time-span);Ṁ T , tectonic moment rate; ratio (⊥ / ) is the ratio of plate velocities perpendicular/parallel to a plate boundary; R 6 , average tectonic moment for an earthquake M ≥ 10 18 N m (m ≥ 6.0) . Seismic moment M and moment rateṀ are measured in N m and N m yr −1 , respectively. The corner moment (magnitude) is calculated assuming the tapered Gutenberg-Richter distribution, β = 2/3, the thickness of seismogenic zone 30 km, the elastic shear modulus µ = 30 GPa, and the seismic efficiency coefficient χ = 1.0. The β and corner moment is evaluated only for zones having at least five events. Errors in the corner moment (magnitude) are calculated using the negative-binomial distribution. (1989, 1991) seismic regions; n, the number of shallow (depth limit 0-40 km; M ≥ 10 17.4 N m, m ≥ 5.6) events; m ch , characteristic magnitude; Prob., Nishenko's probability of characteristic earthquake occurrence in 10 yr, 1989-1999;Ṁ T , tectonic moment rate. R 6 , average tectonic moment for an earthquake M ≥ 10 18 N m (m ≥ 6.0 ). Seismic moment M and moment rateṀ T are measured in N m and N m yr −1 , respectively. The corner moment (magnitude) is calculated assuming the tapered Gutenberg-Richter distribution, β = 2/3, the thickness of seismogenic zone 30 km, the elastic shear modulus µ = 30 GPa, and the seismic efficiency coefficient χ = 1.0. The β and corner moment is evaluated only for zones having at least five events. Errors in the corner moment (magnitude) are calculated using the negative-binomial distribution.
A P P E N D I X A :
